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Tunable  ultrafast  photon  source  and  imaging  system  for  studying  carrier 

dynamics  in  graphene  devices 


New  instrumentation  enabled  by  the  DURIP  funds: 

Our  ultrafast  measurement  capabilities  were  substantially 
enhanced  through  the  acquisition  of  an  Optical  Parametric 
Amplifier  (OP A)  which  was  added-on  to  our  existing 
femtosecond  laser  system.  The  use  of  OPA  has  opened 
avenues  for  study  of  the  electron  excitation  and  relaxation 
dynamics  from  0.75  -  5  eV,  allowing  probing  of  the 
interesting  physics  near  the  saddle  point  of  graphene  band 
structure.  In  addition,  this  energy  range  will  allow  a  wide 
range  of  transition  metal  dichalcogenides  which  have 
bandgaps  ranging  from  0.8  -  2  eV  to  be  probed.  Figure  1 
shows  the  pump-probe  ultrafast  spectroscopy  set  up, 
where  the  OPA  (blue  box)  is  prominently  shown  next  to 
the  femtosecond  laser  system. 


We  upgraded  our  Raman  microscope  through  the 
acquisition  of  a  TE-cooled  CCD  camera  in  the  near-IR 
wavelength  range.  This  is  allowing  us  to  study  the 
phonon  properties  of  2D  materials  at  lower  energies  (<1 
eV),  where  we  can  probe  the  electron  phonon  interactions 
near  the  superlattice  Dirac  points  created  in  bilayer  and 
hetero- structure  systems  (for  example  of  graphene  and 
boron  nitride).  Figure  2  shows  the  homebuilt  Raman 
spectroscopy  setup  in  our  lab  which  uses  two 
wavelengths,  532  nm  and  1064  nm.  The  near-infrared 
line  array  CCD  camera  for  1064  nm  operation  was 


Fig  2.  The  set  up  for  Raman  spectroscopy 
showing  the  NIR  CCD  camera  (Bay Spec)  in 
the  bottom  left  comer. 


As  discussed  below  the  focus  of  this  DURIP  project  was  on  understanding  the  interaction 
between  electrons,  holes  and  phonons  in  graphene  through  a  combination  of  two  optical 
techniques  -  tunable  wavelength  ultrafast  optical  spectroscopy  and  Raman  spectroscopy. 
Ultrafast  pulse  excitations  create  non-equilibrium  conditions  between  various  excitations, 
allowing  coupling  mechanisms  and  relaxation  rates  to  be  probed  as  a  function  of  time.  The 
structural  properties  of  graphene  devices  were  probed  through  scanning  probe  microscopy  and 
Raman  spectroscopy.  Scanning  probe  microscopy 
provides  direct  images  of  the  morphology  of  the  samples 
while  Raman  spectroscopy  gives  access  to  the  vibrational 
modes  of  the  system.  In  the  following  we  discuss  the 
utilization  of  funds  for  acquiring  the  equipment  which 
forms  the  basis  for  ongoing  research  on  the  opto¬ 
electronic  properties  of  two-dimensional  materials, 
including  graphene  and  its  heterostructures. 


Fig  1 .  The  set  up  for  ultrafast  spectroscopy 
showing  the  Quantronix  OPA,  Model:  Palitra, 
(blue  box)  interfaced  with  femtosecond  laser 
system  and  the  station  for  ultrafast  pump- 
probe  experimental  studies. 


purchased  from  BaySpec  using  the  DURIP  funds.  This  setup  is  vital  for  characterization  of  all 
two  dimensional  samples  prepared  in  our  labs. 

Experimental  work: 

We  are  pursuing  our  existing  line  of  investigation  to  understand  the  many-body  interactions  in 
graphene.  This  work  is  a  collaboration  between  Pis  Brian  LeRoy  and  Arvinder  Sandhu  in  the 
physics  department  at  the  University  of  Arizona,  as  well  as  Henry  Everitt  at  the  Army  AMRDEC 
in  Huntsville,  AL,  with  theoretical  support  being  lent  by  Prof.  Rolf  Binder  in  the  College  of 
Optical  Sciences  at  the  University  of  Arizona. 

We  subjected  graphene  to  an  ultrashort  laser  pulse  at  4.7  eV,  and  observed  its  response  over  a 
wide  range  of  energies  using  a  delayed  probe  pulse.  Through  a  differential  measurement  of  the 
transmission  of  the  probe,  we  have  observed  a  dynamic  band  structure  modification  caused  by 
the  photo-excited  carriers  and  the  subsequently  generated  phonons.  These  measurements  allow 
us  to  quantify  the  many-body  effects  such  as  electron-phonon  coupling  in  non-equilibrium 
graphene.  In  the  ongoing  measurements,  we  are  extending  this  approach  to  the  study  of 
graphene-hBN  interfaces,  where  we  expect  new  effects  due  to  the  presence  of  pseudo-Dirac 
points  in  the  band  structure.  In  a  run  up  to  these  studies,  we  have  also  developed  a  technique  to 
optically  image  boron  nitride  flakes  with  precise  thickness  determination. 

Using  the  Raman  spectroscopy  setup  we  have  investigated,  the  electronic  band  structure  of 
twisted  bilayer  graphene,  and  how  it  depends  on  the  twist  angle  between  the  two  layers.  We 
observed  an  enhanced  Raman  G  peak  when  the  excitation  laser  is  resonant  with  the  energy 
separation  of  the  van  Hove 
singularities  in  the  density  of 
states  where  the  two  sets  of 
monolayer  bands  cross 
(Fig  3).  The  variation  of  the 
Raman  G  peak  area  with 
charge  density  reveals 
doping  induced  changes  in 
the  electronic  band  structure. 

We  have  recently  submitted 
a  manuscript  discussing 
these  new  results. 


Research  Products: 

The  following  publications  were  an  indirect  byproduct  of  the  activities  supported  by  this  project. 
The  submitted  paper  and  ongoing  research  are  however  directly  associated  with  use  of  DURIP 
enabled  instrumentation. 
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interactions  at  the  saddle  point  in  graphene”,  Phys.  Rev.  Lett.  112,  187401  (2014). 


Fig  3.  The  observed  enhancement  in  Raman  G  peak  of  bilayer  graphene  when  the 
excitation  resonantly  couples  to  the  van  Hove  singularities  in  the  density  of  states 
due  to  crossing  of  monolayer  graphene  bands. 
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Human  Resource  Development: 

The  instrumentation  purchased  using  this  grant  is  enabling  the  Ph.D.  research  of  three  graduate 
students,  Alexandra  Brasington,  Dheeraj  Golla,  and  Shengqiang  Huang. 


